introduction
Ascorbic acid (AA) is a soluble vitamin widely present in many biological systems and in multivitamin preparations; it is commonly used to supplement inadequate dietary intake and as an anti-oxidant. 1, 2 AA has been used for prevention and treatment of common cold, mental illness, infertility, cancer, and in some clinical manifestations of HIV infections. 3 Uric acid (UA) is the primary product of purine metabolism in the human body. 4 It has been proved that abnormalities of UA levels are symptoms of gout, hyperuricaemia, 5 Lesch-Nyhan syndrome, 6 multiple sclerosis 7 and oxidative stress. 8 Other diseases such as leukemia and pneumonia are also associated with enhanced urate levels. 9 As UA and AA are usually coexistent in biological fluids of blood and urine, it is important to develop a technique to selectively detect UA and AA conveniently in routine assay. 10 Among several methods of determination, electrochemical methods have received much interest because they are more selective, less expensive, less time consuming and can potentially be applied to a real-time determination in vivo. 11 Because of irreversible oxidation of UA and AA in aqueous solution, electrochemical procedures have been greatly developed to determine UA and AA based on their electrochemical activities. However, direct electro-oxidation of UA and AA requires high overpotentials at bare electrodes, 12 in addition, UA and AA are oxidized at a very close potential valve, which results in poor selectivity for simultaneous determination of UA and AA. To solve this problem, the most of the attention has been focused on electrochemical procedures using modification of electrode surfaces for selective electrocatalytic determination of AA and UA. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] Among the several electrochemical methods using solid electrodes, CPE have several advantages such as the ease and fast preparation, the availability of a new reproducible surface, the low residual current and the porous surface of carbon paste. 31 Since the discovery of carbon nanotubes in 1991, 32 nanotubes have been the target of numerous investigations due to their unique properties. [32] [33] [34] Several authors have reported the excellent electrocatalytic properties of carbon nanotubes in the redox behavior of different biomolecules. [35] [36] [37] In the present paper, a modified multiwall carbon nanotube-paste electrode (MCNTPE) spiked with a new mediator, chloromercuriferrocene (CMF), has been constructed. The electrochemical properties of the MCNTPE/CMF have been studied by cyclic voltammetry in detail. Electrochemical behaviors of AA and UA were investigated at the MCNTPE/CMF. Our results show that MCNTPE/CMF could be used for determination of AA in the presence of UA. The peak separation between AA and UA was wide enough to provide an attractive ability for the simultaneous determination of AA and UA, with lower detection limit and excellent selectivity. The proposed modified electrode can be applied to the simultaneous determination of AA and UA concentrations in real samples with satisfactory results. The electrochemical behavior of ascorbic acid (AA) and uric acid (UA) at the surface of a multiwall carbon nanotube-paste electrode (MCNTPE) modified with incorporate chloromercuriferrocene (CMF) was investigated. The voltammetric studies using the MCNTPE/CMF electrode show two well-resolved anodic peaks for AA and UA with a potential difference of 430 mV, revealing the possibility of the simultaneous electrochemical detection of these compounds. The optimum analytical conditions were sought. Linear calibration plots were obtained over the range of 8.0 × 10 -6 -6.9 × 10 -4 M and 2.4 × 10 -6 -6.9 × 10 -4 M with detection limits (3σ) of 2.6 × 10 -6 and 7.9 × 10 -7 M for AA and UA, respectively. The electrode with the best conditions is applied for selective determination of AA and UA in complex biological and clinical matrices. diameters, o.d. = 20 -30 nm, wall thickness = 1 -2 nm, length = 0.5 -2 μm and purity of >95% was purchased from Aldrich. Chloromercuriferrocene (CMF), highly viscosity paraffin (density = 0.88 g ml -1 ), ascorbic acid (AA) and uric acid (UA) were obtained from Merck and used as received. Phosphate buffer solutions (PBS) were prepared from H3PO4 and NaH2PO4 (0.1 M); we adjusted the pH range to 2.0 -6.0 with 0.1 M H3PO4 and NaOH solutions and used the solutions as supporting electrolytes. All solutions were prepared with doubly distilled water. The electrolyte solutions were deoxygenated with nitrogen bubbling before each voltammetric experiment. All experiments were performed under nitrogen atmosphere at room temperature.
Instrumentation
Electrochemical measurements were carried out with an SAMA500 electroanalyzer (SAMA Research Center, Iran) controlled by a personal computer. All electrochemical experiments were carried out in a conventional three-electrode cell at room temperature. A platinum electrode and a saturated calomel electrode (SCE) were used as the counter and reference electrodes, respectively.
Preparation of working electrodes
A 1% (w/w) CMF spiked CNT powder was made by hand mixing of the given quantity of CMF with 99 times its weight of CNT powder with a mortar and pestle. A 60:40 (w/w) mixture of 1% CMF spiked CNT powder and paraffin was blended by hand-mixing; the resulting paste was then inserted in the polypropylene tube with 2.0 mm diameter. The electrical connection was implemented by a copper wire lead fitted into the polypropylene tube. A MCNTPE without CMF was used as a blank to determine the background current.
results and Discussion

Electrochemical study of the MCNTPE/CMF
The electrochemical properties of the MCNTPE/CMF were studied by cyclic voltammetry in pure buffered aqueous solution at various scan rates. Figure 1a shows the cyclic voltammograms of MCNTPE/CMF at various scan rates. The reaction of these voltammograms is as follows:
Equation (1) includes the oxidation and reduction of CMF and the production of chloromercuriferrocenium ion (CMF + ) with loss of one electron in each anodic sweep. A summary of electrochemical data for the mediator obtained at the MCNTPE/CMF is shown in Table 1 . As can be seen, the peak separation potential, ΔEp (ΔEp = Epa -Epc), is greater than the 59/n mV expected for a reversible system; this result suggests that CMF does not act as a reversible system in the carbon nanotube-paste matrix. These cyclic voltammograms were used to examine the variations of peak current versus sweep rate. Figure 1a shows that the modified electrode had a chemically quasi-reversible redox couple in PBS (pH 4.0) solution and that the peak currents were increased due to the cyclic voltammetric scan rate. As shown in Fig. 1b , Ipa and Ipc were linearly dependent on scan rate, as expected for a surface confined redox process. The ratio of the anodic peak current to the cathodic peak current Ipc:Ipa, is almost equal to unity. These behaviors are consistent with a diffusionless system and reversible electron transfer process at low scan rates. 38 Based on the electrochemical studies of some ferrocenium compounds carbon paste modified electrodes involved in a one-electron transfer process, 39, 40 we suggested that the modified electrode reaction could be a one-electron transfer process (n = 1).
An approximate amount of the electroactive species can be estimated by the method suggested by Sharp et al. 41 According to this method, the peak current is related to the surface concentration of electroactive species, Γ, by Eq. (2):
Here n represents the number of electrons involved in the reaction, A is the geometric surface area (0.0314 cm 2 ) of the electrode, Γ (mol cm -2 ) the surface coverage, ν the scan rate; R (8.314 J mol -1 K -1 ), F (96485 C mol -1 ) and T (298 K) denote as usual the gas constant, the Faraday constant, and the temperature, respectively. From the slope (0.0058, from Fig. 1b) of the plot of anodic peak currents versus scan rates, the surface concentration of CMF was calculated to be 1.97 × 10 -10 mol cm -2 for n = 1.
Electrocatalytic determination of AA in the presence of UA
The cyclic voltammogram of AA at the MCNTPE and MCNTPE/CMF is given in Fig. 2a . An increasing of the oxidation peak current and a shift by 245 mV in the negative direction of the oxidation peak potential of AA has been observed at the MCNTPE/CMF relative to the MCNTPE. Also, the cathodic peak height of CMF is decreased by addition of AA to sample solution. The results indicate that the electrocatalytic activity of the modified electrode can be applied to the determination of AA. Results in Fig. 2b represent the cyclic voltammograms of UA in PBS with pH 4.0 using MCNTPE and MCNTPE/CMF. At the MCNTPE, a dwarf oxidation peak is observed at about 540 mV. On the other hand, by using MCNTPE/CMF, a remarkable increase in anodic peak current and a shift by 150 mV in the positive direction resulted for UA. For this oxidation, no cathodic peak is obtained in the studied potential range. It has already been reported that the oxidation of UA is irreversible at GC and metal electrodes. 42 The electrochemical oxidation of UA proceeds in a 2e -and 2H + process to produce an unstable diimine species, which is then attacked by water molecules in a step-wise fashion to be converted into an imine-alcohol and then uric acid-4,5-diol. The uric acid-4,5-diol compound is unstable and decomposes into various products depending on the solution pH. 43 The cyclic voltammograms of binary mixture AA and UA (4.0 × 10 -5 M each) in PBS at the surface of MCNTPE and MCNTPE/CMF are shown in Fig. 3a . There is only one broad peak in the presence of a mixture of AA and UA using MCNTPE; this demonstrates that this electrode can not separate the oxidation peaks of AA and UA. But by using the MCNTPE/CMF at the same conditions, the oxidation peak separation between AA and UA can be observed clearly, and such success shows that the simultaneous determination of AA and UA can be performed. The anodic potentials of AA and UA at the MCNTPE overlap in 575 mV when the scan rate is 100 mV s -1 , whereas at the same scan rate, they are 260 and 690 mV at the MCNTPE/CMF. Therefore, the separation between anodic potentials of AA and UA is 430 mV at the MCNTPE/CMF. The CV changes observed indicate that, in the binary mixture containing AA and UA, the oxidation peaks of these two compounds were clearly separated from each other at the MCNTPE/CMF.
The effect of solution pH on the electrochemical response of the MCNTPE/CMF towards the simultaneous determination of AA and UA was studied. A series of phosphate buffer solutions (0.1 M H3PO4/KH2PO4 and KH2PO4/K2HPO4) were prepared and tested as supporting electrolytes. The variations of peak separation and peak current with respect to the change in the pH of the electrolyte in the pH range from 2.0 to 6.0 are shown in Fig. 3b . For the electrocatalytic oxidation of AA using MCNTPE/CMF, with decreasing the pH of the buffer solution from 4.0 to 2.0, there is no electrocatalytic oxidation effect for determination of AA and the anodic peak potential for UA shifts to more negative values. At higher pHs (pH >4.0), a reverse variation is found for the former compound, and also the peak separation for simultaneous determination of AA and UA decreased. The results showed that the best anodic peak separation and the most sharp of anodic peaks for AA and UA occurred at pH 4.0. Therefore, this pH was chosen as the optimum pH.
Cyclic voltammograms of a mixture of AA and UA at the MCNTPE/CMF in different scan rates were studied and are shown in Fig. 4 . The oxidation peak current (Ipa) for mixtures of AA and UA at the surface of modified electrode (MCNTPE/CMF) shows a linear variation with potential sweep rate (ν) in the range of 20 -500 mV s -1 . But at the scan rates higher than 100 mV s -1 , the sharpness and separation of anodic peaks of AA and UA decreased. Therefore, the scan rate of 100 mV s -1 was selected as the optimum value for scan rate and was used for all analyses. 
Effect of %CMF on the anodic peak height
In order to obtain the best composition of the modified nanotube carbon paste electrode, the different quantities of CMF was spiked to CNT powder. For this work, three electrodes with 0.5, 1 and 2% CMF were prepared and studied with cyclic voltammetry. The highest anodic peak current for AA and UA has been obtained in 1% CMF. Therefore, 1% CMF in MCNTPE has been chosen as the optimum value for the composition of the modified electrode.
Stability of modified electrode
The stability of the modified electrode was studied by noting the decrease in anodic charge, qa, in repetitive potential scan cycles. The rate of loss of electrochemical activity for the modified electrode was investigated prior to use. Cyclic voltammograms of MCNTPE/CMF in consecutive 10 potential scan cycles in PBS at a scan rates of 100 mV s -1 are shown in Fig. 5 . As shown in Fig. 5 , a little change of the anodic and cathodic peak currents has been observed; such results could prove the stability of the modified electrode.
Evaluation of the proposed modified electrode
Using the experimental conditions described above, we prepared the calibration graphs for simultaneous determination of AA and UA in the potential range of -200 to 1000 mV. If the concentrations of AA and UA increased synchronously on increasing the concentrations of the two compounds, the peak currents at the modified electrode increase accordingly as shown in Fig. 6 . It can be seen that the peak currents for the two analytes increase linearly with their concentrations. The linear ranges for the determination of AA and UA using CV were 8.0 × 10 -6 -6.9 × 10 -4 M and 2.4 × 10 -6 -6.9 × 10 -4 M, respectively. Theoretical detection limits, defined as 3σ, of the proposed method for AA and UA were 2.6 × 10 -6 M and 7.9 × 10 -7 M, respectively. Relative standard deviations (%RSD) for 5 determinations of AA (4 × 10 -5 M) and UA (3.2 × 10 -5 M) using CV were 1.71 and 1.26%, respectively.
The figures of merit, such as linear range and limit of detection and also peak separation of the proposed modified electrode, are compared with values from other published work using modified electrodes in Table 2 . The figures of merit and peak separation of proposed method seem to be favorable in comparison with those from other published procedures for determination of AA and UA.
Interference study
For investigating the interference, several compounds were selected. If the tolerance limit was taken as the maximum concentration of the foreign substances which caused an approximately 5% relative error for 3.6 × 10 -5 M AA and 4.0 × 10 -5 M UA, no interference was observed for the following compounds: K + , Na + , Mg 2+ , Ca 2+ , starch, citric acid and glucose. The results are listed in Table 3 .
Application in real samples
Human serum and urine samples were selected as real samples for analysis by the proposed method using the standard addition method. Human serum samples were centrifuged before the experiment. The urine and serum samples were diluted 150 and 20 times with PBS before the measurements to prevent the matrix effect of real samples. The results are presented in Table 4 . The recoveries were between 98.4 and 103.0%. 293  270  310  413  273  270  110  275  250  280  250  308  236  400  220  306  430   13  14  15  16  17  18  19  20  21  23  24  25  26  27  28  29  30 This work a. LR, linear range. b. LOD, limit of detection.
Conclusion
Simultaneous trace determination of ascorbic acid (AA) and uric acid (UA) was achieved by using modified multiwall carbon nanotube-paste electrode (MCNTPE) spiked with a new mediator, chloromercuriferrocene (CMF).
Large peak separations between AA and UA allow the detection and determination of AA and UA simultaneously at the MCNTPE/ CMF using cyclic voltammetry. The MCNTPE/CMF was used for simultaneous determination of AA and UA in real biological samples and satisfying results were achieved. Simple fabrication procedure, wide linear range, low detection limit, high stability and good reproducibility for repeated determination suggest that this electrode will be a good and attractive candidate for practical applications. 
